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TTF-TCNQ and TTF-TCNQF4 Organic Charge Transfer Complexes: 
Reusable Catalysts for Electron Transfer Reactions 
Faegheh Hoshyargar,[a] and Anthony P. O’Mullane*[a] 
Abstract: The application of organic charge transfer complexes 
such as TTF-TCNQ (TTF = tetrathiofulvalene, TCNQ = 7,7,8,8-
tetracyanoquinodimethane) is well known in the area of organic 
electronics. However, the applicability of this material and its 
derivatives has not been explored for catalytic reactions. Here we 
report on the catalytic properties of both TTF-TCNQ and the 
significantly less known fluorinated analogue TTF-TCNQF4. The 
model reaction of ferricyanide ion reduction by thiosulfate ions was 
chosen where it is found that both materials are indeed catalytically 
active. Significantly the introduction of fluorinated TCNQ 
considerably enhances the catalytic activity compared to TTF-TCNQ. 
In addition, TTF-TCNQF4 is highly stable under catalytic conditions 
and can be recovered and reused without any loss in performance 
for at least 10 catalytic cycles. This work opens up new avenues for 
investigating these types of materials for catalytic reactions.   
TTF-TCNQ (TTF = tetrathiofulvalene, TCNQ = 7,7,8,8-
tetracyanoquinodimethane) is a particularly well studied material 
as it was the first charge transfer complex that was synthesized 
with metallic conductivity.[1] Since its creation it has been widely 
studied for its physical and chemical properties and utilized in 
areas such as sensing, and organic electronics. [2] There have 
been many derivatives of TTF employed with the TCNQ electron 
acceptor to pursue the discovery of new properties and 
applications. [3] Charge transfer complexes based on TCNQ 
have also received significant attention in particular in the areas 
of field emission and molecular electronics. [4] Recently our 
group and others have looked to extend the capability of charge 
transfer complex materials into more diverse applications 
including heterogeneous catalysis, [5] photocatalysis, [6] gas 
sensing, [7] heavy metal ion removal, [6a, 6b] humidity sensing, [8] 
iodine storage, [9] superhydrophobic surfaces, [10] oil-water 
separation[11] and anti-bacterial fabrics. [12]  
 An interesting development from these studies however 
has emerged whereby from a catalytic viewpoint the fluorinated 
analogue of TCNQ, namely 2,3,5,6-tetrafluoro-7,7,8,8-
tetracyanoquinodimethane (TCNQF4), has been reported to be 
significantly more active than the non-fluorinated version. [5b, 6a, 13] 
Therefore in this work we explore two new aspects, whether 
TTF-TCNQ materials are in-fact catalytically active like the 
metal-TCNQ materials and if the fluorinated version (TTF-
TCNQF4) is the more active material. Interestingly, reports on 
the synthesis of TTF-TCNQF4 are remarkably scarce[14] with no 
indication of the potential applicability of this material or indeed 
the morphology of the crystals that are created. However, the 
reaction of TCNQF4 with TTF derivatives has been reported 
which are also limited such as the synthesis of 
[TTF(CH2OH)4][TCNQF4] which was found to be diamagnetic, [15] 
and self-assembled monolayers of [EDT-TTF] [TCNQF4] have 
also been prepared (EDT = ethylenedithio). [16]  
TTF-TCNQ and TTF-TCNQF4 were synthesized by 
reacting equimolar solutions of TTF with either TCNQ or 
TCNQF4 in acetonitrile where bluish purple crystals were 
immediately formed (Figure S1) and then isolated by filtration. 
Typical needle shaped microrods are formed in the case of TTF-
TCNQ as observed from FESEM images in Figure 1a and b 
which is highly indicative of this material[2b] and very similar to 
MTCNQ materials already reported. [5a, 17] On the contrary, as 
illustrated in Figure 1c and d, this was not the case for TTF-
TCNQF4 where, instead of needle shaped structures, two 
dimensional multi-faceted plate-like stacks are formed where the 
microstructures consist of lamellar arrays of smaller crystals. 
Figure 1. FESEM images of as-synthesized (a, b) TTF-TCNQ and (c, d) TTF-
TCNQF4.  
TTF-TCNQ crystallises in the monoclinic system, 
space group P21/c where the TTF radical cations and the 
TCNQ radical anions form homologous columnar stacks 
with interplanar spacings of 3.47 and 3.17 Å, respectively.18 
TTF-TCNQF4 also crystallises in a monoclinic system, 
space group P2/m, with segregated stacks of TTF and 
TCNQF4.14 For the TTF columns an interplanar spacing of 
3.50 Å is found. However, in contrast to TTF-TCNQ, 
significant distance modulation is observed for the TCNQF4 
columns, with alternate interplanar spacings of 3.25 and 
3.43 Å respectively. This difference in the arrangement of 
the acceptor columns influences the morphology of the 
crystals which is quite different for the case of TTF-TCNQ 
and TTF-TCNQF4 (Figure 1). EDX analysis, mapping and line 
scan show the presence of C, N and S elements in case of TTF-
TCNQ (Figures S2-S4) and C, N, S and F elements in case of 
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TTF-TCNQF4. The elements are evenly distributed all over the 
microstructures (Figures S5-S7). To the author’s knowledge, this 
is to date the first report on the morphology of TTF-TCNQF4 
crystals. To confirm the synthesis of these materials, further 
characterization was undertaken. The FT-IR spectrum of TTF-
TCNQ (Figure 1a) are consistent with previous studies[19] and 
gave signature bands at 3092, 3073 (υ(C-H) region) which are 
higher than peaks corresponding to neutral TTF at 3064 cm-1 
and neutral TCNQ at 3053 cm-1. The characteristic peak at 2202 
cm-1 (υ(C≡N) region) is also different from the peak observed at 
2221 cm-1 for neutral TCNQ. This indicates that TCNQ is in its 
reduced form. Finally the peak at 1517 cm-1 ((υ(C=C) region) is 
lower than that of TCNQ at 1542 cm-1 and that of TTF at 1526 
cm-1 suggesting that both TTF and TCNQ are in a different 
oxidation states (i.e. TTF+TCNQ- is formed). Attempts to 
characterize the TTF-TCNQF4 material by FT-IR was 
unsuccessful, therefore a micro powder X-ray diffraction method 
was utilized to further analyze this material.  
 
Figure 2. (a) FT-IR spectra of TTF, TCNQ and TTF-TCNQ and (b) XRD 
patterns of TTF-TCNQ and TTF-TCNQF4 as measured (black) and calculated 
(red). 
Figure 2b (bottom - black line) shows the XRD pattern 
collected for TTF-TCNQF4. Surprisingly, there is no XRD pattern 
of this material available in the literature. However, Wiygul et al. 
have reported a structural solution and refinement of TTF-
TCNQF4 obtained by a slow diffusion method from 
cyclohexane/acetonitrile. [14] They have shown that the material 
crystallizes in a monoclinic system where the solvent atoms may 
occupy channels formed in the c axis. The single crystal 
positional parameters reported have been used to calculate the 
XRD pattern for unsolvated TTF-TCNQF4 as shown in figure 2b 
(bottom - red line). A very strong reflection at 2θ = 9.8° with a d 
value of 9.5 Å corresponds to the (110) plane of TTF-TCNQF4 
indicating that the main direction of growth is [110]. The broad 
peak centered at ca.  2θ = 21.5° corresponds to the amourphous 
borosilicate capillary used in the experiment (see Experimental 
details in supplemmentary information). Compared to the 
calculated pattern, the measured pattern consists of additional 
reflections implying that the as-synthesized material is 
polycrystalline in nature. Comparative X-ray studies were made 
for TTF-TCNQ in the same manner and the XRD pattern was 
calculated based on the crystal structure reported by Cowan et 
al.[18] The positions of the strong reflections at 2θ = 9.9, 14.9, 
15.7 and 27.7° (corresponding to the (101), (200), (20-2) and 
(210) planes, respectively) correlate with the single crystal 
powder pattern. 
 Similar to the metal-organic semiconducting complexes, 
the all organic semiconducting complexes have been more 
limited in their application, and therefore we explored their 
capability for catalyzing electron transfer reactions. The well-
known model system of potassium ferricyanide reduction by 
sodium thiosulphate was chosen to illustrate the potential use of 
these materials as heterogeneous catalysts. The reaction 
involved is the following: 
2[Fe(CN)6]3- + 2S2O32-  2[Fe(CN)6]4- + S4O62- 
and can be easily monitored by UV-vis spectroscopy through 
measuring changes in the intensity of the peak at ca. 420 nm 
during the course of the reaction. It should be noted that this 
reaction does not proceeed in the absence of a catalyst. 
Illustrated in Figure 3 are time dependent UV-vis spectra 
recorded for the reduction of 1 mM [Fe(CN)6]3- using 0.1 M 
S2O32- in the presence of 1 mg of TTF-TCNQ powder (Figure 3a) 
and TTF-TCNQF4 powder (Figure 3b). The kinetics of this 
reaction were determined by plotting ln(At/A0) vs. time (Fig. 3c) 
and taking the slope of the linear part of the graph, where At is 
the intensity of the absorbance peak at time t and A0 is the peak 
intensity at time zero. Under these conditions, the reaction is 
assumed to be first order, as an excess of S2O32- over 
ferricyanide ions is used. It is immdiately apparent when 
comparing Figures 3a and b that the reduction of [Fe(CN)6]3- 
ions is significantly faster in the presence of TTF-TCNQF4 
powder compared to TTF-TCNQ powder whereby the rates are  
3.3  10-2 and 0.24 min-1  respectively. 
Figure 3. Time dependant UV-vis absorption spectra of the reduction of 1 mM 
[Fe(CN)6]3- with 0.1 M S2O32- catalysed by (a) TTF-TCNQ and (b) TTF-
TCNQF4, (c) plot of ln(At/A0) versus time for TTF-TCNQ and TTF-TCNQF4, (d) 
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percentage conversion of [Fe(CN)6]3- to [Fe(CN)6]4- for separate catalytic runs 
carried out in a 3 ml volume using TTF-TCNQF4. 
This outcome is consistent with previous reports on 
continuous films of CuTCNQF4 and AgTCNQF4 which were 
found to be better catalysts for this reaction compared to the 
non-fluorinated counterpart where reaction rates of 0.31 and 
0.61 min-1 respectively, were reported. [5b] Recent work has 
shown that CuTCNQF4 is more active than CuTCNQ for the 
reduction of Cr(VI) species in the presence of electron donors 
such as methanol. [6a] Martin et al. [13] have also demonstrated 
that [(NH3)4Pt][TCNQF4)2·(DMF)4 once contacted with water 
loses the DMF molecules to form [(NH3)4Pt][TCNQF4)2 which is 
also highly active for this reaction. The enhanced reactivity can 
be attributed to the creation of TCNQF42- achieved upon injection 
of electrons into the material by the thiosulfate ions. These are 
rapidly re-oxidized back to TCNQF4- radical anions when they 
react with [Fe(CN)6]3- ions which releases an electron to produce 
[Fe(CN)6]4- ions to complete the reaction. The overall reaction 
scheme is illustrated in Figure 4. This process is not achieved as 
readily at the TCNQ based materials as TCNQ2- ions are more 
unstable, compared to TCNQF42- ions, in oxygenated and 
aqueous environments. [20] 
 
Figure 4. Illustration of the catalytic mechanism.  
 
 
The morphology of both TTF-TCNQ and TTF-TCNQF4 was 
varied by undertaking the synthesis at different temperatures 
and concentration of both precursors, namely at 0 and 50°C and 
at a lower equimolar concentration of 5 mM for TTF and 
TCNQ(F4). For the case of TTF-TCNQ (Figure S8) lowering the 
concentration increased the aspect ratio of the needles whereas 
decreasing the temperature resulted in less branching and the 
formation of individual needles. Increasing the temperature to 
50°C did not affect the growth of TTF-TCNQ to any significant 
extent. For TTF-TCNQF4 (Figure S9) changing the temperature 
and concentration resulted in the formation of more cube like 
materials that were not as elongated as seen at room 
temperature (Figure 1c). The catalytic activity of these materials 
was measured and the reaction rates have been compared as 
shown in table S1. The same trend was seen under all 
conditions in that TTF-TCNQF4 is significantly more active than 
TTF-TCNQ, however no significant change in the reaction rates 
was observed when compared to Figure 3a indicating that 
morphology is not a dominant parameter when the catalytic 
activity of these materials is considered. 
 
The reusability of the catalyst was also evaluated by 
employing the most active material, namely TTF-TCNQF4, for 10 
consecutive catalytic runs. 5 mg of the material was added to a 
3 ml solution containing 1 mM ferricyanide and 0.1 M thiosulfate 
and after 10 minutes, the absorbance at 420 nm was recorded. 
This was repeated multiple times in fresh 3 ml solutions, where 
the material was washed with deionized water between runs. As 
shown in Figure 3d, an 85% reduction in peak density was 
maintained after 10 cycles and therefore the retrieved TTF-
TCNQF4 material could be re-used for several reaction cycles 
without any degradation in performance. The morphology of the 
catalyst was investigated after the catalysis reaction and as 
illustrated in Figure 5a, some restructuring of the multi-faceted 
stacks could be observed. The EDX line scan (Figure 5b) 
however shows all the elements are present within the 
microstructures post catalysis. This rules out the possibility of 
decomposition of the material during the catalytic reaction and 
hence, the possibility of a homogeneous catalytic reaction 
between TCNQF4- and ferricyanide which is consistent with 
previous studies on CuTCNQF4 and AgTCNQF4 materials. 
 
 
Figure 5. (a) FESEM image and (b) EDX profile across the microstructure 
shown in the high resolution SEM image of TTF-TCNQF4 post catalytic 
reaction. 
 
 
In summary we have demonstrated that TTF-TCNQF4 can 
be synthesized in an analogous manner to TTF-TCNQ which 
leads to a significantly different morphology that consists of 
plate-like crystals stacked together which is in stark contrast to 
TTF-TCNQ which shows the more typical needle type 
morphology associated with TCNQ based charge transfer 
complexes. Both materials could be applied as heterogeneous 
catalysts, extending their applicability into a new area of 
research. The fluorinated version, TTF-TCNQF4 was significantly 
more active than TTF-TCNQ which was related to the stability of 
the TCNQF42- dianion species under ambient conditions that 
could be re-oxidized to TCNQF4- thereby acting as the site for 
the reduction of the ferricyanide ions. In addition, the catalyst 
was recoverable and reusable without any loss in activity for up 
to 10 catalytic cycles. This practical use of both a renowned and 
relatively unknown analogue opens up new avenues of 
investigation for these types of materials. 
Experimental Section 
Materials and chemicals 
Tetrathiafulvalene (TTF, 97%) was purchased from Alfa Aesar, 7,7,8,8-
Tetracyanoquinodimethane (TCNQ, 98%), 2,3,5,6-tetrafluoro-7,7,8,8-
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tetracyanoquinodimethane (TCNQF4, 97%), Potassium hexacyanoferrate 
(III) (potassium ferricyanide, K3Fe(CN)6, 99%), anhydrous sodium 
thiosulphate (Na2S2O3, 98%) were all obtained from Sigma-Aldrich and 
used as received. TTF, TCNQ and TCNQF4 solutions were prepared in 
acetonitrile (CH3CN, 99.8%, Sigma). All aqueous solutions were 
prepared using deionized water (resistivity of 18.2 MΩ.cm at 25°C) 
purified by use of a Milli-Q reagent deionizer (Millipore). 
Synthesis of TTF-TCNQ and TTF-TCNQF4 
TTF-TCNQ and TTF-TCNQF4 complexes were synthesized following a 
previously reported procedure.[18] Biefly, equal volumes of 9.5 mM TTF 
and 9.5 mM TCNQ in acetonitrile were combined in scintillation vials at 
RT and the greenish-black solid was collected by paper filtration and 
dried at 70°C. The same procedure was undertaken to synthesize TTF-
TCNQF4 starting with 9.5 mM TCNQF4 solution. The materials were also 
synthesized from 5 mM TTF, TCNQ and TCNQF4 solutions at RT and at 
0°C and 50°C starting from equimolar 9.5 mM solutions. 
Catalytic reactions 
1 mg of the catalyst was added in the UV-vis cuvette containing 3 ml of 
the reaction solution (1 mM ferricyanide and 0.1 M thiosulphate) at (25 ± 
2)°C and the reaction progress was successively measured by UV-vis 
spectroscopy using an Agilent Cary® 50 UV-Visible spectrophotometer. 
For the reutilization tests, 5 mg of the catalyst was added in the UV-vis 
cuvette containing 3 ml of the reaction solution and after 10 minutes, the 
absorbance was measured at 420 nm. The supernatant was removed, 
the catalyst was gently washed with deionized water (DIW) while still in 
the cuvette, a new solution of the reaction mixture (1 mM ferricyanide 
and 0.1 M thiosulphate) was added into the cuvette and after 10 minutes, 
the absorbance at 420 nm was measured. The procedure was repeated 
for 10 consecutive cycles. 
Material Characterization 
Material characterisation was carried out using field emission scanning 
electron microscopy (FESEM, Zeiss Sigma VP field emission scanning 
electron microscope equipped with an Oxford XMax 50 Silicon Drift 
energy-dispersive X-ray detector at 20 kV under high-vacuum), 
Fourier transform infrared spectroscopy (FT-IR, Thermo Scientific 
Nicolet iS50 FTIR spectrometer equipped with a Continumm IR 
microscope operated in micro-ATR mode using a germanium 
objective and a mercury-cadmium-telluride detector), light 
microscopy (Zeiss Axio Imager M2m equipped with a AxioCam HRc 
camera), UV-visible spectroscopy (Agilent Cary® 50 UV- and 
Visible spectrophotometer) and X-ray diffraction (XRD, PANalytical 
X’Pert Pro diffractometer operating at 40 kV and 40 mA using 
copper Kα radiation. The sample was loaded into a 0.3 mm 
borosilicate capillary which was spun during data collection. The 
XRD data was analyzed using X’Pert Highscore Plus software 
version 4.0. The calculated XRD patterns for TTF-TCNQ and TTF-
TCNQF4 were generated using Mercury software version 3.7 based 
on CIF files created from single crystal positional parameters 
reported elsewhere, in VESTA software version 3.3.2.  
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